HAROLD JEFFREYS stood out among the small group of pioneers who developed the physical study of the Earth from its primitive condition at the beginning of the 20th century to its state at the launch of the first Sputnik. He, above all, applied classical mechanics to investigate the interior of the Earth. He showed that the core of the Earth is liquid and that there is a substantial difference between the upper and lower mantle, as we now call them. His massive analyses of travel times of seismic waves (with K.E. Bullen, F.R.S.) are still standards of reference and are currently being brought up to date.
Jeffreys retired from his Chair at Cambridge (but certainly not from active study) just after the first Sputnik had been launched, and as powerful new methods in seismology and marine geophysics were coming into use. Geophysics has since expanded out of all recognition so that it is easy to lose sight of Jeffreys's earlier contributions. There have been considerable changes in the concepts and methods of geophysics from some that he established, yet the major spherically symmetrical elements of the stmcture of the Earth that he did so much to elucidate, are the basis for all subsequent elaboration, and generations of students learnt their geophysics from his book The Earth.
Recent developments make it difficult to appreciate Jeffreys's originality, as does our distance from the knowledge of the Earth from which he started, 70 years ago. His earlier work in meteorology and fluid dynamics presents the same difficulty; again he was one of the small band of pioneers who formulated crucial principles of fluid dynamics and dynamical meteorology as we know them today. His election to the Royal Society in 1925 must have recognized that work, together with his studies in celestial mechanics, for he had then taken only the very first small steps in seismology and probability, areas that now appear as his major works.
Jeffreys's development of a theory of probability on Bayesian principles and in a form suitable for use in the physical sciences was controversial and rather disregarded at the time (the 1930s), for it was quite contrary to the aims of contemporary work by R.A. Fisher, F.R.S. and J. Neyman. Yet here again Jeffreys was a pioneer (effectively alone, for he was 303 unaware of the parallel work of Bruno de Finetti in Italy), and today his ideas are more and more widely followed (Zellner 1980 (Zellner ,1984 .
P rim arily an ap p lied m ath e m tic ian , Jeffrey s was also an acco m p lish ed pure mathematician: his development of asymptotic expansions and the JW KB m ethod for the solution of certain differential equations is what springs to the mind of Abdus Salam, F.R.S. Jeffreys had, from his earliest years, a keen naturalist's eye for the world around him in its many varied aspects. He continued to write original papers up to his last years, comparing in 1984 his earlier estimates of dynamical parameters of the M oon with those derived from laser ranging to the M oon (442)*, and returning yet again to regional differences in seismology in 1987 (443) .
Jeffreys had very few students and never form ed a group that worked as a team under his direction. Not for him the m odem quasi-industrial organization of seism ology or space research or m arine geophysics. Not for him the business or m anagem ent of the university, although he did his duty by attending m eetings of the Faculty Boards of M athematics and of Geography and Geology. Neither the form ation or direction of a department, nor time spent in councils of government, figure in his career, or in this m em oir, although he was very active in the international and national organization of astronomy and geophysics. The milestones of Jeffreys's career are his writings. He was a solitary thinker and, like Newton, he thought by him self to some purpose. He opened up three m ajor fields of study to rigorous m athematical analysis and many of his results are incorporated in our assumptions and preconceptions and the m ethods we use. Above all, as Dr K eilis-Borok has insisted to me, he showed that a very great deal o f geophysics and planetary physics can be understood through the rigorous, consistent and comprehensive application of classical dynamics F a m il y a n d e d u c a t i o n Harold Jeffreys was bom on 22 April 1891 at Fatfield, County Durham, the only child of Robert Hall Jeffreys and his wife, Elizabeth Mary. Fatfield is a small village about one mile south of W ashington (from which the family of George W ashington took their name). For many years it was a colliery village (coal mining in County Durham is recorded from the reign of Stephen) but now, with the decline of the Durham coalfield, it has become the nucleus of a New Town. The m ediaeval legend of the Lambton W orm is associated with Fatfield.
Jeffreys's father was a son of Andrew and Ellen Jeffreys of Felton, on the Coquet in Northumberland; they later moved to Longhorsley, north of Morpeth, where there are still family connections. Jeffreys's parents are buried here and there is a m emorial to Jeffreys placed by Lady Jeffreys on his parents' grave. Jeffreys's father was bom in 1866 and died on 30 December 1947. His mother, the daughter of W illiam and Mary Sharpe, likewise came from Northumberland; she was bom at Stannington, just south of M orpeth, she lived later at W hitfield in Allendale and died on 30 D ecem ber 1942. Jeffreys's parents were schoolteachers; at the time of his birth, his father was headm aster of the village school at * Numbers in this form refer to entries in the bibliography on the accompanying microfiche.
degrees. Jeffreys took courses in mathematics, physics, chemistry and, for one year, geology, and graduated in June 1910 with first class marks and a distinction in mathematics.
He recalled that his principal teachers were Professor C.M. Jessop and Dr T.H. Havelock (later F.R.S.) for mathematics, Professor H. Stroud and Mr J.W . Bullerwell (father of Dr W. Bullerwell, F.R.S.) for physics, Professor P.P. Bedson and Dr J.A. Smythe for chemistry and Professor G.A. Lebour and Dr D. W oolacott for geology. He gained prizes in all three years. In his final year, when he took chemistry in addition to his m ain subject of mathematics, he did some research in photographic chemistry, the subject of his first two papers (12, 13) . Jeffreys ascribes to his geology teachers an interest in the subject that had perforce to remain dormant for some years because he could not pursue it at the same time as other studies.
Encouraged by Professor Jessop, Jeffreys applied for a Cam bridge award and in December 1909 he was elected to a £60 entrance scholarship at St John's College as one of four m athematics scholars. His exhibition from Durham County Council was renewed for his first year at Cambridge, at the end of which Armstrong College awarded him a fellowship for two years, a notable distinction. Yet his undergraduate years at Cam bridge were difficult financially and he also found that Cambridge m athematics was at first m uch harder than at Arm strong College. His examination results in his first and second years were not outstanding, although he gained the college Adams M emorial Prize in 1912 for an essay on precession and nutation. In his third year, in Part II of the M athematics Tripos in 1913, he was a W rangler, probably very close to the top of the list, and with a distinguished performance in the advanced papers of Schedule B. He was awarded one o f two Hughes Prizes for the undergraduates who had done best in the college in any subject, the other of the two going to another m athematician (B. W., later Sir Bernard, Gilbert) who was rumoured to be the top W rangler. Gilbert becam e head of the Treasury and his daughter read mathematics at Girton. Jeffreys's college scholarship was extended for a fourth year and increased to £90 and he began research. His teachers at Cam bridge included Professor H.F. Baker, Dr T.J. d 'A Bromwich, R. W ebb, Herman, A. Berry, and Ebenezer Cunningham (a pioneer of relativity theory whose undergraduate lectures on electrom agnetic theory the writer of this m em oir attended during the W orld W ar II).
Jeffreys was awarded the D.Sc. of Durham in 1917. He had asked Havelock if he should apply and if he should include his botanical papers; Havelock replied ' I hope you don't mind me giving you good worldly advice, but you will find you stand or fall by your mathematics (unless you want to change over altogether). In fact some people would say that the more botanical papers you publish, the less your reputation as a mathematician. Selah. ' Jeffreys was married on 6 September 1940 to Bertha Swirles, the daughter of W.A. Swirles and Harriett (nee Blaxley) and a cousin of the late M ichael Stewart (Lord Stewart of Fulham), the form er Foreign Secretary. Lady Jeffreys had been an undergraduate at Girton College, where she had taken a Ph.D. in atomic physics with R.H. Fowler, F.R.S., and D.R. Hartree, F.R.S., as supervisors, before becoming a lecturer in mathematics at Manchester; after interludes at Bristol and Imperial College, she returned to Girton in 1938 as a fellow and lecturer in mathematics and was Vice-M istress from 1966 to 1969. Their first home was the Thatched Cottage near Bridge Street, Cambridge, a site now covered by a multistorey car park. Later, 160 Huntingdon Road was a focus for geophysicists and mathematicians worldwide. Friends have observed that Lady Jeffreys was a great support for Jeffreys who was apt to be silent in company unless directly addressed. In 1917, following a suggestion from Professor Newall to Sir Napier Shaw, he joined the Meteorological Office as a Senior Professional Assistant, at first as a research assistant on hydrodynamical problems coming from the Front in France, and then as librarian from 1921. In London he met, among others, Sir Arthur Holmes, F.R.S., who was to influence much of his geological thinking although they were to disagree on continental drift. Dorothy Wrinch (undergradute at Girton 1914-17 and research fellow, 1920-23) with whom he would collaborate on scientific method, probability and seismology, was also in London as a lecturer at University College.
Jeffreys returned to Cambridge in 1922 as College lecturer in mathematics, and was appointed to a university lectureship in 1926 when many college lectureships were converted into university lectureships as a result of the Statutory Commission on the University of Cambridge. He gained the Smith's Prize in 1915 (jointly with (Professor) J.P. Proudman, F.R.S.) and the Adams Prize in 1927 for his essay 'Constitution of the Earth'. Jeffreys was Reader in Geophysics from 1931 and was elected to the Plumian Professorship of Astronomy and Experimental Philosophy in 1946; he retired in 1958. He was elected to the Royal Society in 1925 and at the time of his death was the senior fellow of the Society, as he was of the Royal Astronomical Society and of St John's College. His pupils include S. Goldstein, F.R.S., L. Rosenhead, F.R.S., K.E. Bullen, F.R.S., E.R. Lapwood, V.S. Huzurbazar, M.S. Longuet-Higgins, F.R.S., H. Bondi, F.R.S., R.O. Vicente, P.J. Message and E.P. Arnold.
Jeffreys was not a good lecturer and encounters between him and students are well remembered. Professor D.J. Finney, F.R.S., sent me the following recollection:
In 1937-8 Derrick N. Lawley and I were two young graduate mathematicians in Cambridge, endeavouring to leam something about the practice of statistics under the guidance of the late Dr John Wishart. We began by attending a lecture course given by Professor Harold Jeffreys, on 'Probability'. He was not the clearest of lecturers, and we were very soon confused by notions of test procedures based on prior distributions, very different from the ideas we had acquired from Wishart. Jeffreys s personal charm and enthusiasm did not prevent a steady decline in attendance until Lawley and I found ourselves the only survivors of an initial 15. Our attendance also became a little erratic, but we tried to arrange that at least one of us appeared each Wednesday morning. There came a week when we were both prevented from attending, and the following week we found to our embarrassment that the lecturer had abandoned the course. A little later Wishart told us that Dr Jeffreys had asked whether any student of his would help by calculating a small table of functions important to his theory. Lawley and I agreed to do this; we had no special aptitude for computing tables but the function was simple and we were soon able to send a message that the work was complete. The reply was a request that we would take it to Dr Jeffreys the next Saturday afternoon. About 3.00 pm we went to his rooms in John's, we were invited to enter, and had to wade literally ankle-deep through the assortment of paper that completely covered the floor of his good-sized sitting room, We were thanked for the table, and invited to stay for a cup of tea. We recall with pleasure the large sticky buns served from a Matthews brown paper bag, but the hospitality and personal charm were to be remembered -informal social contacts between senior Fellows and students were not so common 50 years ago. A year or two later, we found our help recognized in a footnote in the new book Probability by H. J.
The incident is entirely characteristic. As a research student after 1946, I attended Jeffreys's courses for Part III M athematics on waves and tides, elastic waves, and the figure of the Earth. In each case, after early enthusiasm by as m any as five other students, the class rapidly shrunk to two, m yself and Dr E.R. Lapwood; it was not so m uch thirst for knowledge that kept us there as the potential embarassm ent of halving the class by one's own absence. Jeffreys twice collaborated closely with others, w ith K.E. B ullen, F.R .S., on the seismological travel time tables (195) and with Lady Jeffreys in Methods o f mathematical physics (7) and in the publication of his collected papers (11). Otherwise apart from some papers in the 1920s with Dorothy W rinch, and others with a few research students and junior collaborators m uch later in his life, he worked alone. Robert Stoneley, F.R.S., with whom he was at St John's as an undergraduate, was his closest colleague and friend, but they never published together. Stoneley was two years junior to Jeffreys, and Jeffreys recounted in his biographical m em oir o f Stoneley (428) (see Tayler 1987) . Jeffreys, along with Professor H.H. Turner and Stoneley, was a prolific contributor and editor in the early years, and for a long time he was very active in supporting and developing geophysics in the RAS. He took the lead in a small committee that recommended to the Council o f the Society that the Geophysical Supplement should be continued, that a Geophysical Section of the Society should be set up, that geophysicists should pay a reduced subscription and that foreign geophysicists should be eligible for election as Associates, that is, Foreign M embers. Only the first item was accepted by the Council, but the invidious distinction implied by the fourth has now gone. In 1958 the Geophysical Supplement was replaced by the Geophysical Journal (now the Geophysical Journal International) (see Cook 1983 , Tayler 1987 ). Jeffreys's seventieth birthday was celebrated by a special issue of the Journal which also marked his long involvement with the Society; the proceeds from that issue enabled the Society to found the Harold Jeffreys Jeffreys was led to fluid dynam ics through his w ork in the M eteorological O ffice, where he studied w inds over the North Sea, of evident im portance for the naval w ar in that region. Later, w hen giving lectures on applied m athem atics for the Cam bridge Tripos, he realized that the theory of w akes was unsatisfactory, as was the general problem o f why fluids resist m otion through them . His insight into that issue is an example of the value (often denigrated by some that suppose them selves to know about education, training and research) o f teaching as a stim ulus to criticism and research. A third elem ent in his interest in fluid dynamics is that of the naturalist concerned to understand the ways in which waves on water behave. G.I. Taylor had identified eddy viscosity and thermal conductivity in 1915 and had found that very often they were far greater than m olecular viscosity or conductivity (Batchelor 1976) . In his first two m eteorological papers (27, 28), published not long after T aylor's (1915) paper, Jeffreys incorporated eddy viscosity in a discussion of the rather artificial problem of convection currents in the atmosphere driven by a ground tem perature that varied periodically with horizontal position. He showed that, as was usually supposed, velocity could indeed be ignored in the vertical component of the equation for the conservation of momentum, even in the presence of a large eddy viscosity. The relation of wind to the forces that drive it also involves the eddy viscosity. Jeffreys found (40) from analysis of observations over the North Sea that winds near the surface did not blow along isobars, as would be expected on a rotating Earth in the absence of viscosity and other ageostrophic effects. He could explain the actual relation between wind direction and pressure gradient by an eddy viscosity that varied with height. He went on (63) to classify winds on dynamical principles, according to w hether the force developed by the pressure gradient was balanced by acceleration, by rotational forces (geostrophic winds) or by friction (antitriptic winds). He identified the first type with cyclones and the third with land and sea breezes and m ountain and valley winds. Subsequently he pointed out that the general circulation o f the atmosphere m ust be geostrophic, and he argued that in the absence of friction, it would be indeterminate, while in the presence of friction, cyclones are an essential part of the general circulation (109, 115, 175, 196) . There m ust be transport of angular m om entum across latitude because surface winds in the tropics are generally easterly but are westerly in mid-latitudes. Friction causes angular m omentum to pass from the solid Earth in low latitudes and into it in m id-latitudes and a balance is m aintained by the angular m om entum carried by cyclones. Those influential ideas, that storms were an essential elem ent in the general circulation, rather than parasitic upon it, were a m ajor advance in understanding the general circulation but they could not be fully tested until upper-air observations becam e plentiful two decades later.
Jeffreys also considered the effect of eddy viscosity on ocean currents driven by winds blowing over the surface (47), developing in more detail the idea of the Ekm an spiral (Ekman 1905) . He also discussed the effect of friction at the sea bed, and introduced the influence of a shore in a later paper (70). He was interested in waves on the sea (10,80) and seems to have been the first to attempt a theory of the generation of waves by a wind blowing over the surface: he concluded that waves were raised by the difference of pressure betw een the up-wind and down-wind sides of the water wave, the sheltering theory (86, 94) .
Viscosity has two effects on the m otion of a fluid, it enters the balance in the conservation of m omentum and it changes the boundary conditions, for in the presence of friction the velocity at the boundary must vanish, and not just the component of the velocity normal to the boundary. The effect on the boundary condition is frequently much the more important, as Jeffreys clearly stated in a paper on the circulation theory of aeroplane lift, concluding that If this conjecture is correct, fluid resistance in general must be regarded primarily as a consequence of the failure of the classical [that is, inviscid] solution to satisfy the correct boundary conditions, rather than as a direct effect of the viscosity terms in the equations of motion (91, 117, 127, 134) .
Jeffreys's account of the matter is the first clear statement, there seem to be indications that Stokes, among others, was aware of the problem. Jeffreys also commented that 'This result constitutes the theoretical justification for the boundary layer theory of Prandtl and his followers'.
Jeffreys investigated experimentally the onset of turbulent flow in open rectangular channels (90), and in doing so observed travelling waves on the surface of the water, as had been noticed by Vaughan Cornish on some Alpine streams (10); Jeffreys also studied the transverse circulation in streams and the transport of sediment by them (131, 132) .
Jeffreys illustrated his first paper on water waves raised by wind with his own photographs (figure 1) of waves on the Atlantic, on the River Cam and on the Mill Pond at Newnham (the latter appropriately one of those Cambridge sites sketched by Gwen Raverrat ( piece),the daughter of Sir George Darwin, whose work Jeffreys so greatly admired). He observed laminar flow close to the surface of the otherwise turbulent Cam by dropping ink into it (149) (Mrs Ruth Donner, the daughter of Sydney Goldstein, F.R.S., remembers Jeffreys repeating the experiment in about 1944 at a party on the Upper River, when she would have been about 14). He noticed the effect of weeds on resistance to flow on the bed of a stream, he had seen roll waves on an artificial stream at Zell-am-See but there were none on a similar natural stream with a rough bed at Thumersbach (11, vol. 5, p 324), and he had heard of the tribulations of oarsmen (140).
Lord Rayleigh (1916) had begun the theoretical study of convection, but assuming rather artificial boundary conditions; Jeffreys (102,116) used the principle of marginal stability to establish the onset of convection under more realistic conditions. He confirmed the assumption that in a compressible fluid, the difference between the actual temperature gradient and the adiabatic gradient determines the onset of convection (138).
Convection in a sphere or spherical shell is of great interest in stars and the Earth, and Jeffreys and M.E.M. Bland (Lady Edwards), showed that when the fluid becomes unstable the first motion to occur is one proportional to a surface harmonic of first order (313). They obtained a general criterion for the onset of instability, namely that the supply of energy by expansion as the fluid rises must just balance the dissipation by viscosity (319, 342). A.L. Hales and Chaim Pekeris also wrote on convection with geophysical applications under Jeffreys's guidance.
In Jeffreys's studies of convection he appears as the naturalist in his comments on the reason why porridge may bum if not stirred when being cooked: it is not because it becomes solid but because the very high viscosity inhibits convection, as may also happen with treacle ( 102).
Seism o l o g y
Many years before Jeffreys started on his scientific career, Poisson had shown that an elastic solid would transmit distortional waves with a longitudinal component (denoted by P) and others with shear motions (S waves). Lord Rayleigh had shown that waves would propagate on the sun'ace of a semi-infinite solid (Rayleigh waves) and A.E.H. Love had found that if there were a layer of different material on the surface, then surface waves with a purely horizontal shear motion (Love waves, the name is due to Jeffreys) could exist. All types o f wave had been identified in records o f earthquakes, yet as late as 1925 it seems to have been generally thought that a packet of the dispersive surface waves travelled with the phase velocity rather than with the group velocity (89). By 1910 By , J. M ilne (1903 and others had developed effective seism ographs, a central core o f the Earth had been detected by Oldham (1906) and later confirm ed by B. Gutenberg, and M ohorovicic had shown that the Earth had a surface crust about 30 km thick overlaying a m antle (or shell as Jeffreys always called it).
The tim es and places o f individual earthquakes cannot be accurately predicted but (jointly with the tim es o f travel o f elastic waves betw een the earthquake and the observatory) m ust be found from the arrival tim es o f pulses at observatories. Earthquakes and observatories are not distributed uniform ly over the Earth and characteristics of seism ographs differed greatly, so the calculations were not straightforw ard. Now adays instrum ents have m uch m ore uniform characteristics but their distribution rem ains im perfect and nothing can be done about the distribution of earthquakes.
Ideally, a record from an earthquake would show sharp pulses o f P and S waves arriving by paths of least tim e through the body o f the Earth, followed by dispersive surface waves. All actual records are m uch m ore com plex. The structure o f the Earth is not uniform , there are m any different paths of least tim e betw een an earthquake and an observatory, and even the signals that have travelled by paths of least tim e are never sim ple isolated pulses m atching the m otion in the earthquake. Those features of records, although far better understood now than in 1910, often m ade (and still m ake) it difficult to identify the true onset o f a particular pulse in a record. Earthquakes are conventionally classed as near or distant. The distinction is not sharp, but near earthquakes are those close enough to the observatory so that the curvature o f the Earth can be ignored, and distant earthquakes are those for w hich it m atters. In a seism ograph a m ass is suspended from a point fixed to the ground and when the ground responds to a pulse from an earthquake, the differential m otion betw een it and the m ass reproduces the m otion in the pulse. Early seism ographs recorded with a fine stylus on sm oked paper with some m echanical am plification. A very heavy mass (3 0 1 at Strasbourg, for instance) gave a long period and allowed a sturdy m echanical linkage to be used. A seism ograph with electrical am plification and recording, devised by Prince Galitsin, was very sensitive, but the response was not well adapted to signals from earthquakes, w hich have a wide range of period (108).
Som eone wanting to study the records of a particular earthquake could usually borrow the original smoked paper strips or photographs from observatories, and them selves read the times of pulses, but a num ber o f earthquakes had to be studied to obtain representative tim es of travel through the Earth. A group at Strasbourg had begun to collect the times of pulses read at observatories, and the first tables of times of travel of waves to a wide range o f distances had been drawn up by H.H. Turner of Oxford and by Zoppritz o f Gottingen. Thus the first data base had come into being, along with representative times against which to compare observations (see articles by Stoneley listed in (428)).
A chem ical factory at Oppau in the Rhine valley near M annheim exploded in the early m orning o f 21 Septem ber 1921. The M eteorological Office, interested in the transmission o f the sound waves and how extensively the explosion was heard in Britain (it was not heard), collected records from seismographic stations and the Director allowed Jeffreys and Dorothy W rinch to use them (56, 66). They made estim ates o f the velocities of P and S waves in the crust which, because the time and position of the explosion were well known, were more reliable, and m uch lower, than those found from earthquakes and used as the basis of the tables o f T urner and Zoppritz. Jeffreys and W rinch pointed out that a lower velocity at shorter distances implied that the crust above the M ohorovicic discontinuity m ust have at least two layers. The study had three important consequences, it showed that the tables of travel times had to be improved, it showed that the crust was m ore complex than a single layer above the mantle, and it was the first use of an explosion as a seismic source (78).
E. W iechert (1905) had shown that the polar flattening of the Earth could be accounted for if the Earth had a dense central region, with a radius betw een a h alf and three-quarters of the surface radius, surrounded by an outer shell with a density o f betw een a half and a third of the inner region. In a crucial paper of 1926 Jeffreys (97) used the calculations of Adams & W illiamson (1923) on the increase of density with pressure in the Earth, to show that the decrease o f P wave velocity which characterized the Oldham -Gutenberg boundary was probably the result of a large stepwise increase of density and that the Oldham and Gutenberg core gave the actual polar flattening. He sent a postcard to Stoneley with the message 'Die W iechertsche und Oldham-Gutenberg Kem e identisch sind' (428) (see Gutenberg 1923) . He further showed that the elastic yielding of the Earth to tidal forces implied that the core had a very low rigidity, consistent with the fact that it did not support shear waves. Jeffreys was thus the first to demonstrate that the core was sharply separated from the outer layers of the Earth, and to argue that it was effectively liquid, a very important feature of the gross structure of the Earth which Gutenberg resisted even as late as 1957 (see Brush 1980 for a valuable account of the history of the study o f the core). Inge Lehmann later found evidence for a small solid inner core, and Jeffreys showed theoretically that the signals on which she relied could not have come from diffraction at a wave caustic (239, 255) .
Jeffreys seems to have been the first to examine theoretically the dispersion of Love waves (89). He showed how it would account for the trains of waves seen after the initial pulses from an earthquake, and also how the properties of a layered crust could be inferred from the variation o f group velocity with period. These and m any other theoretical topics in seismology occupied him throughout m ost of his active career.
Jeffreys used data from a large num ber of earthquakes collected on a routine basis in the International Seism ological Summary (ISS) to improve the joint determination of travel times and epicentres. This had disadvantages as well as advantages. W hen times of arrival of pulses were read at observatories (it will be recalled that Jeffreys and W rinch themselves read the records of the Oppau explosion), a reader isolated at a particular observatory could misinterpret a record. Thus in addition to the usual errors of reading and timing (see, for example, 181) with normal distributions, much larger errors, that would not follow a normal law, may occur in the ISS. In 1931 K.E. Bullen, F.R.S., who had come to Cambridge to read for the M athematical Tripos, was instead assigned to Jeffreys for graduate supervision (430). Starting from the P wave travel times of preliminary tables (1 1 9 ,1 4 5 ,1 4 6 ,1 6 7 ) they made a jo in t determ ination by least squares o f the locations and tim es of occurrence of the earthquakes, and tim es of travel along a num ber o f possible paths (195) . The num erical work o f analysing and com bining the very num erous data was very heavy and done for the most part on a hand-operated M archant calculator. Revised tables based on a series of papers in the Geophysical Supplement, w ere published in 1940 (6a and 269) (see the Bibliographical Notes). A t m uch the same tim e, B. G utenberg was preparing tables from special studies of a few earthquakes for w hich he read the records him self. The two sets of tables agreed closely, as Jeffreys com m ented (Bolt 1989) .
Jeffreys and B ullen encountered three problem s in particular. The first was how to deal w ith distributions of residuals with unusually large num bers of large values; it led to Jeffreys's extensive w ork on the theory of probability. The second was w hether there were differences betw een the tim es of travel in different regions of the Earth; no differences could be established but Jeffreys returned to the topic later (266, 330, 443) .
The third issue was how to sm ooth the travel times as found from the successive approxim ations; it required care because when it had been done for the prelim inary tables (167) it had rem oved a real discontinuity in the derivative of travel tim e with respect to distance at a distance o f about 200° which had first been detected by P. Byerly from an earthquake in M ontana and was also found by Lehm ann (1934) . Jeffreys, following a suggestion J.D. Bernal proposed (217) that the discontinuity corresponded to a change in the crystal structure of olivine from an hexagonal to a denser cubic form stable at high pressure, an idea am ply confirm ed by experim ent and now im portant both in the study of the m antle o f the Earth, and o f the internal constitutions o f the M oon and the terrestrial planets (Cook 1980) . Additional phase changes deeper in the m antle seem now to have been identified.
The Jeffreys-B ullen (J-B ) tables, as published in 1940, have proved to be o f manifold im portance. They continue to be used by W orld Data Centres to locate epicentres. They provided standard reference times with w hich observations were com pared and from which the variation o f seism ic wave velocity with radius in the Earth was calculated, and they were the basis for the initial calculations o f the periods of free elastic oscillations of the whole Earth. Bullen derived from the seism ic wave velocities a distribution o f density in the Earth that has required very little subsequent alteration (430).
Jeffreys continued to exam ine and refine m atters raised in the construction o f the (J-B ) tables (398) up to 1987, particularly in collaboration with M. Shimshoni. He m ade many studies o f near earthquakes (2 2 1 ,2 2 8 ,2 3 1 ,2 5 6 ,2 6 1 ,2 6 6 ,2 9 8 ,2 9 9 ,3 5 9 ,3 9 4 ) and o f regional differences betw een them (3 2 1 ,3 3 0 ,3 5 7 ,3 7 5 ,4 3 4 ,4 4 0 ,4 4 3 ), of times along rays thatpassed through the core or were reflected at it (239, 254, 255, 257, 280, 387, 429, 438) and of earthquakes w ith foci deep in the Earth (2 5 2 ,2 6 2 ,2 8 1 ,3 7 6 ). He derived further corrections to the m ain tables (222, 253) as well as dealing with the ellipticity correction and other theoretical points (220), and the reliability of observatories (203, 225, 407, 417) . He also discussed the evidence (or lack of it) for periodicities in the occurrence o f earthquakes (246) and considered further the damping of seismic waves (395, 418, 427) . Dissipation in geophysical dynamics occupied him throughout his career (423).
Jeffreys briefly analysed the implications of observations of some of the nuclear test explosions at Bikini and Eniwetok for the times of P, S, SKS and PcP (378). The differences from the J-B tables are not large. His last paper, at the age of 95, was on regional differences (443) and in it he points out that the resolution of regional differences of travel times is not clear cut because rays of different lengths sample parts of the Earth differently.
DYNAMICS OF THE SOLAR SYSTEM AND THE EARTH
Jeffreys wrote (11) that the popular book of Sir George Darwin on the tides (Darwin 1898) led to his interest in celestial mechanics and the associated dynamics of the Earth.
The Earth behaves very nearly as a rigid body and its mass, its moments of inertia (A, B and C) and higher moments of the distribution of density, determine its dynamics. The first step in relating the dynamics to the internal structure is to establish the size and shape of the Earth which, before artificial satellites were launched, could only be done by geodetic surveys upon it, themselves affected by the variation of gravity over it. Gravity measurements had to be made on the actual physical surface of the Earth, which on land is not a surface of constant potential, and until recently, almost all gravity measurements were made on land. The analysis of measurements of gravity to obtain the value of J2, the quadrupole coefficient in the potential corresponding to the polar flattening, was bedevilled by two problems. First gravity measurements, like seismic observatories and earthquakes, were distributed very unevenly over the surface of the Earth; secondly, there was considerable confusion about how to allow for the measurements of gravity being made on the actual physical surface instead of on an inaccessible surface of constant potential. Jeffreys gave considerable attention to the analysis of gravity and to the determination of geodetic parameters.
Of the three principal moments of inertia of the Earth, the greatest is that about the polar axis (C), while the two about axes in the equatorial plane (A and B) are nearly equal. The attraction of the Sun and the Moon causes the polar axis to rotate about the normal to the plane of the ecliptic with a steady motion (luni-solar precession) on which is imposed an oscillatory motion (nutation). The rate of the precession combined with the ratio J2 gives the value of C in dimensionless form. That, together with the mass and values of the velocities of elastic waves, yields the density and elastic moduli as functions of radius within the Earth. Nowadays the value of J2 is best obtained from the motions of node and perigee of orbits of artificial satellites. The axis of greatest inertia of a spinning rigid body will oscillate freely about its mean position with a period equal to A/(C-A ) multiplied by the spin peri to be nearly equal). The ratio is 305 for the Earth and so the expected free oscillation of the polar axis should have a period of 305 days. Oscillations of the polar axis correspond to apparent variations of latitude and none with the period of 305 days has ever been detected. Instead, in 1891, S.C. Chandler detected motions with periods of 14 months and one year and with amplitudes of about one tenth of an arcsecond. The first is the free oscillation, modified by the elasticity of the Earth, while the second, the annual variation, is forced by meteorological disturbances. Jeffreys observed (163, 164) that it was very desirable that a determ ination o f all the surface harm onic term s in gravity up to degree four should be done, and went on to do so from 1941 (271, 289). As with his work on seism ological travel times, the num erical side was very heavy. At first (271) he found no significant harm onic term other than the second zonal (corresponding to the polar flattening), but with a m ore elaborate analysis (289) he did find harm onics o f second and third degree. The second paper is the last word on the analysis o f gravity observations before the launch of artificial satellites in 1957, and his determ ination o f J2, ({1.091 ± 0.003} x 10~3) remains the best from those data; it is certainly discrepant from the value from orbits of artificial satellites ({ 1 .0 8 2 7 8 ± 0 .0 0 0 0 5 } x l0 -3), and there is no clear reason why that should be, apart from the uneven distribution of surface m easurem ents of gravity.
Som e small parts of the m otions of the node and perigee o f the M oon's orbit come from the polar flattening of the Earth. In 1937, in his first paper 'On the figures of the Earth and the M oon', (215) Jeffreys used physical argum ents to estim ate that the dimensionless m om ent o f inertia o f the M oon should be just less than 0.4, the value for a sphere of uniform density, as in fact spacecraft observations of the M oon now show it to be. He combined it with the residual m otions of lunar node and perigee and with data from the libration of the M oon to give estim ates o f J2 for the Earth and likewise of the corresponding coefficients for the Moon.
Jeffreys revised the theory of the physical libration of the Moon, the forced oscillation about her centre of mass caused by the attraction of the Earth and the Sun upon her non-uniform distribution of mass; it was originally based on Euler's equations, but in 1955 Jeffreys gave a more straightforward treatment starting from a Lagrangian (335, 350, 372, 411) . Observation and theory of the librations have now changed out of all recognition; laser ranging to the Moon and radio interferometer measurements have given the librations to within a metre or so at the surface of the Moon, and the theory must be taken far beyond that established by Jeffreys (Cook 1988) .
Jeffreys returned to the subject of the dynamical constants of the Earth and the Moon in 1941 (270,271) and made a least squares solution for J2 for the Earth and for the coefficients of the ellipticities of the lunar meridian and equator, and in 1948 reconsidered all the data (302). He re-examined the results of geodetic surveys, he incorporated the results of his second paper on the gravity field (289), he examined the results of absolute measurements of gravity, of the lunar parallax (distance) and the determination of the constant of precession, and made a general adjustment of all the available data to obtain values of the equatorial radius and ellipticity of the Earth, the gravity formula for the Earth, and the lunar parameters. This paper may be taken as the last word on the sizes and figures of the Earth and the Moon before the application of radio astronomy and the launch of artificial satellites. When in 1965 Jeffreys came to review the situation for an international conference on the constants related to the Earth and the Moon (395), the distance of the Moon had been well determined by radar observations and the value of J2 came from the orbits of artificial satellites.
As early as 1916, Jeffreys had found that known meteorological causes did seem to account for the forced (annual) variation of latitude to a substantial degree (19), but that there were inexplicable and erratic effects. Later (263) he analysed the free oscillations (Chandler wobble) in terms of a damped harmonic oscillator driven by random impulses that might arise from the erratic behaviour of the annual variation. He pointed out that the meteorological forces were probably the same as those that caused changes in the rate of rotation of the Earth. Those changes are now very much better observed, especially since the advent of atomic clocks and laser ranging to artificial satellites, and the meteorological forces account for large components, but there remain significant areas of ignorance (see Munk & MacDonald 1960 , Lambeck 1980 .
Jeffreys wrote a series of papers from 1948 to 1978, most of the later ones jointly with R.O. Vicente, about the effect of the liquid core upon nutation and the variation of latitude (301, 304, 308, 345, 346, 362, 390, 401, 405, 406, 415) ; the effect of the fluid core upon the rigid-body amplitude of the nutation is very nearly compensated by elastic distortion in the mantle, so that the observed amplitude is close to that for a rigid Earth with the same moments of inertia as the actual Earth.
Edmond Halley in the 18th century had found from a study of eclipse records of classical times, that the Moon seemed to be accelerating in her orbit. Part of that acceleration can be accounted for by the attraction of the Sun on the Moon (there was a famous dispute over the theory, see Cook 1988) and part is an apparent acceleration corresponding to the slowing down of the rotation of the Earth about the polar axis. G.I. Taylor (1919) had shown that tidal dissipation in the Irish Sea could account for about 2% of the retardation and in 1920 Jeffreys extended the analysis to other shallow seas worldw ide (45,46). He found that tidal friction in shallow seas could be responsible for the slowing dow n and that no other known cause o f dissipation in the Earth, such as im perfections of elasticity, was adequate. H eiskanen (1921) cam e to a sim ilar conclusion, although he used a different basis for estim ating the dissipation in the tides and obtained a result twice that o f Jeffreys. The actual slow ing dow n is now m ore certain (although it still depends heavily upon astronomical observations over centuries), and the total tidal dissipation is also m uch better know n from m ore accurate know ledge of the tidal flow s, including the circulations in m any shallow seas (425). M unk & M acD onald (1960) concluded that the know n tidal dissipation could not account for the observed retardation of the Earth, but 20 years later, Lam beck (1980), after extensive re-investigation o f dissipation in the oceans, found tidal friction to agree closely with the astronom ical retardation. There is no doubt that in his two papers o f 1920, Jeffreys identified the m ajor cause in tidal dissipation.
Jeffreys's investigations of the variable rotation o f the Earth becam e the starting point for all subsequent work and M unk and M acD onald (1960) dedicated their book 'to Sir Harold Jeffreys' and wrote in it 'His contributions dom inate the subject'.
G e o p h y s i c s a n d p h y s i c s o f t h e e a r t h 's i n t e r i o r
G eophysics, the study of the Earth as a physical object by the m ethods o f physics, goes back to W illiam G ilbert (1544-1603) and Isaac Newton. Others who investigated the physical properties of the Earth were, to name ju st a few in Britain, Halley, Sabine, Stokes, Kelvin, Rayleigh and Sir George Darwin. M ost had studied one particular aspect of the Earth; Jeffreys's book, The Earth (1), published in 1924 and dedicated to the m em ory of Sir G eorge Darw in, is probably the first to give a com prehensive physical account of the Earth as a whole, bringing together the results o f a range of investigations. For that reason and because of its m athem atical rigour it has had a profound influence on a succession of geophysicists.
The successive editions o f The Earth show, not unnaturally, a considerable shift in Jeffreys's conception of the Earth. The first and second begin with substantial accounts of the tidal theory of the origin o f the solar system and its im plications for the therm al state of the Earth. He had previously argued that the solar system had been form ed through tidal disruption of the prim itive Sun by some other star passing by (3 7 ,8 7 ,1 2 9 ,1 5 6 ), but in 1948, reviewing the subject for the Royal Astronom ical Society, he found irrem ediable defects in all theories o f the origin of the solar system (300, 318).
M uch m ore attention is given to seismology in the second edition, for Jeffreys had become aware of European work, and had made substantial advances himself. The problem of the support of surface features was an important topic, as were isostasy, the theory o f the figure of the Earth and the origin of surface features in response to stresses arising from the cooling o f the interior.
There is a far m ore substantial account of seismology in the later editions, the elastic yielding o f the Earth to tidal forces is considered in detail, and so are the dynamical effects o f the liquid core. The figure of the Earth and its gravity field are discussed very thoroughly, taking account of the results from artificial satellites. Chapters are given to imperfections of elasticity and tidal friction, and others to the age of the Earth, the thermal history of the Earth and the origin of the surface features. There are also, among others, remarks on continental drift and the surface features of the Moon.
Jeffreys emphasizes that the internal properties of the Earth can be found only from observations at the surface, the subject of inverse theory as it is now understood. That is in fact the geophysical problem, and Jeffreys himself stated it clearly in his introduction to the first edition:
Thus the problem of the physics of the earth's interior is to make physical inferences over a range of depths of over 6000 km from data determined only for a range of 2 km at the outside.
Jeffreys made highly characteristic contributions to four subjects; dissipation in geophysical processes, the thermal history of the Earth, the state of stress in the Earth, and gross movements at the surface of the Earth and the origin of the surface features, (in which he disagreed with many other geophysicists).
Three of his first papers written after election to a fellowship at St John's were on friction and viscosity in the solar system (14) and the Earth (15, 17); it was a subject that was to occupy him for 65 years (437). The rotation of the Earth is damped by the friction of the tides, the free motion in the variation of latitude is damped by friction in the body of the Earth, imperfections of elasticity damp free oscillations and seismic waves, but the damping at periods o f up to 100 seconds or so m ust be quite small because trains of free oscillations continue for days. There must have been in past times friction in the bodies of the Moon and Mercury for the spin and orbital periods to coincide. The Earth, the Moon and Mars are not in hydrostatic equilibrium, and although the evident irregular features of the surface of the Earth, mountains and oceans, are to a large extent isostatically compensated, there are residual loads that are maintained over long periods. Jeffreys was concerned to elucidate the implications of those various phenomena for the deviations from perfect elasticity in the Earth and other bodies of the solar system, and to understand them in terms of the rheology of the materials of the Earth.
He first sought a form of solid viscosity that would account both for tidal friction and for the small damping of the free nutation (15, 17, 25) . Later he pointed out that there must be some dissipation in the body of the Earth because seismic waves are not continually reflected back and forth within it: that same argument shows damping in the outer layers of the Moon to be much less than in the Earth, for the waves from an impact on the surface of the Moon are reflected back and forth for a relatively long time, as they are not in the Earth. He also considered the effect of fluid friction in the formation of the Moon (26, 136), and of solid friction in the interactions of bodies of the solar system in general (351, 352, 371) and on changes of eccentricity and inclination of orbits (370).
Jeffreys considered that the logarithmic law of creep introduced by C. Lomnitz (1956) would explain the variation in damping by rocky materials for motions of different periods (355), and in a modified form would satisfy most of the geophysical evidence as well (356, 365, 368) ; he showed that a substance obeying that law could not sustain thermal convection (358). In 1964 he summarized his view of damping and creep in the first Harold Jeffreys Lecture of the Royal Astronomical Society (389), and continued to write for more than 15 years thereafter on the dam ping of seism ic w aves (3 9 4 ,4 1 8 ,4 2 7 ), and on general questions o f creep and dam ping (4 1 0 ,4 1 4 ,4 1 6 ,4 2 3 ,4 3 2 ,4 3 3 ,4 3 7 ).
Lom nitz proposed his law as an em pirical representation of experim ents, and Jeffreys m odified it to cover geophysical evidence as well. M any processes causing dam ping and creep are now understood on a m olecular level, and it is plainly wrong to apply a single law to all phenom ena, w hatever the tim e scale and w hatever the strain. In particular, experiments on olivine have show n how the m antle can be effectively rigid dow n to about 100 km, yet yield w ithout lim it to a sustained stress at greater depths (Ashby 1978) , properties that account for the rheological division o f the upper m antle into lithosphere and asthenosphere.
Jeffreys w rote from tim e to tim e on the surface features o f the Earth, how they came into existence and how it is that the excess or defect o f m ass above or below sea level in the visible features is com pensated by a balancing defect or excess below the crust (isostasy). He alw ays considered that the cooling of the interior of the Earth would strain the crust sufficiently to account for the visible m ountains, and he also argued (159, 161, 165) that failure o f the crust under the corresponding stresses would give rise to the structures actually observed in m ountains (22, 50, 150, 208, 209, 287 ). Jeffreys's view s on the origin of the surface features o f the Earth are probably his m ost controversial. He was always strongly opposed to any form of continental drift and doubted the geom agnetic evidence for plate tectonics. It is now certain that a schem e o f relative m ovem ents of plates comprising continents as w ell as oceans satisfies both indirect evidence and direct m easurem ents of displacem ents, and some people write as though Jeffreys was entirely wrong-headed and add, for good m easure, com m ents on how one m ay be deceived by m athem atics. One o f the grounds o f his objections to the earlier form of continental drift seems sound: he argued from the stresses im posed by the loads o f surface features that the m antle was rigid to a depth of about 100 km and that it was not possible for the continents to m ove through the sea floor. It is now generally accepted that the lithosphere (a term used by Jeffreys) is some 100 km thick, as he estim ated, and that the transition to the m ore yielding asthenosphere at greater depths is the consequence of the com bined increase of tem perature and pressure and not of a change of composition. The change from crust to m antle, on the other hand, is not a rheological change but one of com position. Jeffreys's objections to the old form of continental drift are valid but do not apply to plate tectonics. Jeffreys, encouraged by Professor O.T. Jones, F.R.S., took the lead, in 1936, in prom oting a system atic study of the oceanic cm st (211); rem arkable advances in m ethod and knowledge have taken place in the subsequent years, in m easurem ents of gravity at sea, in m arine seism ic and magnetic observations, and in m easurem ents of heat flow through the ocean floor, all of which bear on plate tectonics. The phenom enology o f plate tectonics, at least on the large scale and so far as it involves the oceans, is rather clear, but the causes and some o f the consequences are still to be understood. To take one problem : Jeffreys pointed out in 1921 that there must be a rough isostatic balance betw een continents and oceans, irrespective of their origins, because there are very prom inent surface harm onics of first degree in the distribution of the continents and there can be no first harm onics in the gravitational potential (50). At the same time, the thickness o f the ocean crust as it is extruded from a m id-oceanic ridge is determined by physical and chem ical conditions and not by form al requirem ents and the same is true of the processes that convert oceanic into thicker continental crust at the margins of continents.
PHYSICS AND OTHER MATTERS
Jeffreys's writings on physics fall into two groups, one, discussions of the principles of physics that are related to his studies of scientific method and probability, and the other, papers on the physical properties of materials likely to exist in the interior of the Earth.
From time to time Jeffreys examined the foundations of relativity and quantum mechanics, mainly from the standpoint of the theory of probability and the processes of m easurem ent^). He was very critical of Eddington's programme (Eddington 1936 ) of constructing all physical theory from epistemological arguments (272), as well as of Eddington's (1939) views on probability. In subsequent years much has changed in our understanding of the bases of modem physics and the relation to Newtonian mechanics and relativity, and although some of Jeffreys's arguments still have force, others now seem irrelevant, although they were rather advanced for their time. In 1929 Jeffreys developed the theory of the thermodynamics of an elastic solid, with particular application to the effect of thermodynamic properties on the velocity of propagation of seismic waves. He found that any effect would be insignificant (137). It seems that this was one of the first analyses, if not the first, of the relation of stress and strain when thermal behaviour is taken into account; that topic is now important for elastomers and magnetic materials.
Jeffreys wrote on a wide variety of topics throughout his life and even some minor contributions still have interest, partly as evincing his wide-ranging and voracious urge to understand the world around him, and partly because they have been prophetic. Thus in 1918 he observed that the bulk modulus of the material of a star or planet of the size of Jupiter would increase with pressure at such a rate that so far as oscillations of the star or planet were concerned, it might be treated as a rigid body (31). At that time the comment might not have appeared very important, but it is now highly relevant to the theory of the free oscillations of the Sun and stars. He also discussed accretion by a star such as the Sun (74), the size of the Sun in its early stages (87), and, at a remarkably early time (1930) , convection in stars in relation to the central temperature needed to sustain nuclear reactions (135, 148) .
Between 1914 and 1916 Jeffreys studied the plant associations on four areas of sand and clay soils on the Coal Measures of northeast Durham, associations that he says are unlike any elsewhere in Britain (23,29). He described 12 associations, he carried out experimental studies in the field and in the laboratory on the effect of water supply on Nardus stricta, and he also discussed burning, footpaths and animals as influences on vegetation. He planted clumps of some of the typical plants in another exceptional area, the Breckland of northwest Suffolk, and examined their decline under attack by rabbits (39). The three papers have value as part of a record of historical change and they include matters (the influence of footpaths, animals and burning) that are of increasing interest to those such as the National Trust who manage conservation areas.
Jeffreys, who seems to have had an interest in analysis, twice wrote on psychology, first on the unconscious significance of numbers (210) when he comments on the prominence o f certain num bers in legend and superstition and relates them to childish associations, especially oral and urethral. The other paper is on some points o f interpretation of 'Peer G ynt' (392) in w hich he suggests that many scenes are to be understood as Peer's fantasies or dreams; it is a paper that shows Jeffreys's wide reading and acquaintance with literature and rem inds us o f the apposite quotations that he placed at the head of chapters in his books, from Alice, from Ernest B rahm ah's Kai Lung, from folk songs and tales, and from m usical com edy and G ilbert and Sullivan.
PROBABILITY AND SCIENTIFIC INFERENCE
Jeffreys's studies of scientific m ethod and probability fall into two rather distinct periods, in the first o f w hich he wrote on general issues o f epistem ology. Later, stim ulated by his w ork on seism ic travel tim e tables, he constructed a com prehensive corpus o f m ethods for estim ation and tests o f significance on Bayesian principles; the m ethods that he developed for the latter are firm ly grounded in the position on scientific inference that he adopted in the form er.
A nyone w ho thinks about the scientific enterprise in a general w ay sooner or later asks the question, how is it that we can derive from a m ass of em pirical observations, models that are rather succesful in representing not only the observations that have been m ade, but also those yet to come? W ithin that overall problem , there are secondary questions. How is it that m odels (often the m ost succesful) that represent observations contain far, far fewer disposable param eters than the num ber of observations? and, is the fact that m odels predict future observations in itself a dem onstration of the validity of scientific m ethods as a whole?
Jeffreys begins his book Scientific inference (3) with the words The fundamental problem of this work is the question of the nature of inference from empirical data so as to predict experiences that may occur in the future. N otions o f probability are to be found in the 16th century (Cardano) and at the end of the 17th century N ew ton enlightened Sam uel Pepys on games o f chance and Edm ond Halley discussed principles of life insurance. In the 18th century Bayes put forw ard the idea that a probability is a degree o f belief in some statement, given other knowledge, and on this Jeffreys founded his own developm ent. In the early 20th century, alternative views were m aintained very strongly, especially the fiducial argum ent o f R.A. Fisher, F.R.S., and the confidence approach o f J. Neyman. M any thought that probabilities represented frequencies in actual or conceptual parent populations from which particular observations were samples.
Jeffreys first collaborated (1919) with Dorothy W rinch (44), who may have been thinking about these m atters earlier ((3), footnote on p.177). They introduced two ideas that were to be fundam ental in Jeffreys's later work, namely that some statement o f the prior probability of a general law is necessary if it is to be supported by observation; and that definitions of probability in term s o f lim its o f sequences of sampling statistics are flawed because there is no proof that such limits exist for empirical sequences. They also developed justifications for the m ethod o f m axim um likelihood and for adopting laws o f the sim plest possible forms (5 1 ,6 8 ,6 9 ), the latter becam e known as the Jeffreys-W rinch principle (Zellner 1984) .
The full developm ent of Jeffreys's views on probability and its place in scientific method is in Scientific inference (3) and in the first chapter o f Theory o f probability (6) . He asserts that we cannot make certain deductions from observations, rather we m ake inferences to which we attach greater or lesser degrees o f belief. He maintains that degrees of belief form ordered sequences and therefore that it is m eaningful to represent them by real numbers. Probabilities are not to be defined by statistical sequences or properties o f hypothetical infinite parent populations, such as the grand canonical assem bly of W illard Gibbs. Jeffreys's idea of probability as a degree of belief has often been com pared with that of Keynes (1921) , but while appreciating m uch in K eynes's book, he departed from him on a num ber of points, for example K eynes's idea that not all probabilities could be put in an ordered sequence; and Jeffreys elaborated a thoroughgoing m athem atical developm ent as Keynes did not: Theory o f probability presents a form al algebra of probabilities on an axiomatic basis that owes m uch to the Principia mathematica of Russell and W hitehead, and it offers m any examples of applications in physics, geophysics and elesewhere.
Jeffreys insisted that it is m eaningless to talk of the probabilty of something by itself; probabilities are only m eaningful if the conditions are specified. He introduced the notation P(p\q), m eaning the probability of p given the information q. He also insisted that the correct form of the rule for the joint probability of p and q on the information H is
P(pq\H) = P(q\pH).P(p\H),
where pq denotes the propositions p and q jointly.
From that there follows the Principle of Inverse Probability (first enunciated by Laplace) in the form
The posterior probability of an hypothesis qr given observations P and other data H is proportional to the prior probability of the hypothesis on H m ultiplied by the likelihood of obtaining the observations given the hypothesis and H, that is
P(qr\pH) = const. P(qr/H).P(p/qH).
The probability, Piplqfi), was called the likelihood by R.A. Fisher. The hypothesis qr will, for example, be the value of a param eter in some law, and that value would be chosen that maximizes the posterior probability of the actual observations. Jeffreys drew two important conclusions from the principle. First, he showed why repeated observations could increase one's degree of belief in an hypothesis, and so saw the principle as a cornerstone of scientific inference. Secondly, the posterior probability would in m any instances, especially when the num ber of observations was large, attain its m aximum value at alm ost the same value of qr as the m aximum of the likelihood. Then the best estimate of qr would be that for which the likelihood was a maximum. In that way he justified the m ethod of maximum liklihood, a powerful m ethod of estim ation originally proposed by R.A. Fisher.
Jeffreys strongly opposed the approaches of Fisher and J. Neyman who claimed to construct a theory of probability and inference based solely on properties of observations and w ithout any dependence upon the prior probabilities of hypotheses. He considered that position to be logically inconsistent, and not to correspond with the actual processes of uncertain inference, but he incorporated in his own work several im portant ideas of Fisher, especially those of the likelihood and o f sufficient statistics, that is, com binations of the observations such that all the observational evidence relevant to the choice betw een laws or param eters is contained in them . In applications of inverse probabilty all the information provided by observation is contained in the likelihood, often in the form o f sufficient statistics.
The second chapter o f
Theory o f probability shows how to calculate pro given hypothesis. Jeffreys treats sampling, the binom ial and m ultinom ial laws, the Poisson distribution and the norm al (Gaussian) law and the m ore general laws of the forms introduced by K arl Pearson. O ther topics are the central lim it theorem , the x 2 distribution and the t and z distributions o f 'Student'. There are m any original approaches, as m ay be seen especially in the treatm ent of the laws of Pearson's types. The third and fourth chapters deal w ith estim ation according to the principle of inverse probability, that is, by calculating the values of the param eters that m axim ize the posterior probability. An expression for the prior probability o f an unknow n param eter is first required, and Jeffreys discusses at some length how to choose one to ensure that the probability of a value of a param eter should not depend on the algebraic form in which the param eter enters a law. His m ost comprehensive statem ent is in term s o f certain integrals which express the overall difference betw een the chances of some variable x being less than a certain value on two different laws, whatever the transform ations of x and the param eters of the laws.
In exam ples o f the application of his principles, Jeffreys, like Fisher, em phasizes the value o f sufficient statistics where they exist. Thus, if the errors follow the norm al law, the sufficient statistics are the m ean and standard deviation of the observations. A further point to which he pays attention is how to form com binations o f param eters in a law in such a way that they have independent uncertainties, with correlations betw een their estimates that are null or very small.
Jeffreys's tests o f significance depend on taking the ratio o f the posterior probability of a suggested hypothesis to those of other hypotheses, and he em phasises that quite often the data do not allow a clear-cut answer to the question o f whether the suggestion should be adopted. Alternatively, if it is a m atter o f the best value o f some param eter, then there will be a range of values within which the param eter will lie with some overall probability. R. A. Fisher was advancing parallel ideas with the concept of fiducial probability and Neyman with that of confidence intervals, but they eschewed prior probability. Jeffreys gives a full treatm ent of his general theory along with many examples and discussions of approximate m ethods and complications.
From tim e to tim e Jeffreys criticized physicists for not giving proper, or any, attention to the uncertainties of their results. Physicists are supposed to believe that if an experiment requires statistical treatm ent, then it should be done better. Yet a crucial question in physics is often w hether a result obtained in one laboratory agrees with that in another, and tests of general laws are often cast in the form of establishing, in the face of experim ental error, that some effect does not occur. Rigorous tests of significance are therefore very important in physics and Jeffreys's approach has increasingly been found to correspond to the circumstances of physics. Geophysicists and others have in recent years become familiar with much the same notions through inverse theory, where, for example, the internal properties of the Earth, such as its density, are to be found as functions of radius from functionals of those properties evaluated over the surface of the Earth.
Jeffreys, at much the same time as Bruno de Finetti in Italy, was developing a theory of probability on a very similar Bayesian basis. In its final form (de Finetti 1974 (de Finetti , 1975 , in which he more than once recognizes cogent arguments of Jeffreys, he goes more deeply into the logical foundations, but does not develop practical methods for estimation and tests of significance so fully. Jeffreys and de Finetti differ in Jeffreys's postulate, which de Finetti did not accept, that a probability P(p/q) is unique given p and q.
The method of maximum entropy is now justified on Bayesian lines and the general approach to inverse theory in geophysics, the characteristic problem of the interiors of planets, compares closely in its emphasis on a range of solutions with corresponding statements of their uncertainties, with Jeffreys's principles of scientific inference. His scheme of probability may also prove effective in the study of the occurrence and prediction of events such as major earthquakes or tornadoes,that occur so infrequently that the underlying physical circumstamces are likely to have changed from one event to the next. The more explicit use of prior probability might provide a formal framework for discussing those and other matters such as econometrics in which there may be no stable underlying model. Zellner (1980 Zellner ( ,1984 sees a treatment of probabilities based on frequencies in some hypothetical parent population, inconsistent with econometric realities, while Bruno de Finetti has said, with Jeffreys's own trenchancy, that non-Bayesian approaches were 'ad hockeries' (the phrase may in fact be due to I.A. Good).
Theory of probability was reprinted in 1983 as the result of a circular letter by many probabilists and statisticians, not all of whom adopted Bayesian principles.
M a t h e m a t ic s
Many of Jeffreys's contributions to pure mathematics are incorporated in Methods of mathematical physics (7) , written with Lady Jeffreys and a major work of exposition of the principles and techniques of many branches of mathematics that have applications in physics. Much original pure mathematics is also to be found in Theory of probability (6) .
Three topics dominate Jeffreys's work in pure mathematics, operational methods, Cartesian tensors (4) and asymptotic approximations. He considered that Heaviside's operational calculus is defective because it takes certain non-commuting operators to commute, and because convergence is treated casually, and he criticized the Laplace transform approach because it involves infinite integrals over ranges in which functions are not defined. He preferred the method of Bromwich, his teacher at St John's, and expounded his approach in Operational methods in mathematical physics (2), subsequently replaced with two chapters in Methods of mathematical physics.
In 1924 Jeffreys obtained approximate solutions to differential equations of the form d2y/dx2 -k2 x(x) y = 0, where k is large.
He later found that his m ethod had been discovered by Green (1837) and by Liouville (1837) In 1926 W entzel and Brillouin obtained series approxim ations to solutions of the Schrodinger equation; their treatm ents are brief, am ounting to little m ore than statements that the quantum m echanical w avefunction m ay be written to the first approxim ation as the exponential of the classical action, and that subsequent approxim ations m ay be obtained as series in pow ers o f the reciprocal o f Planck's constant. There are no discussions of the validity o f the approxim ations, the concern of those papers is the correspondence betw een quantum and classical m echanics, the latter appearing as the first approxim ation to the form er. Kram ers (1926) gave a m uch m ore thorough discussion, including the connexion form ulae, and related the solutions to the Airy function. The m ethod becam e know n among physicists as the W KB m ethod, although it is som etim es referred to as the JW KB method to recall Jeffreys's earlier rediscovery.
Jeffreys returned to the subject in 1942, using the two solutions, Methods o f mathematical physics aim s, as the authors say in the preface to the first edition, 'to provide an account of those parts of pure m athem atics that are m ost frequently needed in physics'. It therefore covers different ground from that of a book such as Morse & Feshbach (1953) in w hich the emphasis is on the m athem atics needed to handle the fields o f continuum m echanics, electrom agnetism and low-energy quantum m echanics. Methods o f mathematical physics does overlap with other books on those topics, but contains many m atters beside, and has attracted m any complim entary reviews over the years. It is still in print.
R e s p o n s i b i l i t i e s , c h a r a c t e r a n d h o n o u r s Jeffreys had the reputation o f being a withdrawn person, not easy to talk to, but that did not m ean that he withdrew from the world, he was indeed active in scientific affairs both nationally and internationally. He prom oted geophysics in the Royal Astronom ical Society for m any years as secretary of the Geophysical Committee, and the present strength of geophysics in the Society stems from his active interest over very many years and his conviction that astronomy and geophysics needed each other. This, with his other national responsibilities, is listed at the end of the memoir.
He was active in the affairs of the International Union of Geodesy and Geophysics, which he attended in 1922, 1933, 1936, 1939, 1948, 1951, 1954, 1957, 1960 and 1963 . He was Vice-President of the International Association of Seismology for 1933-6 and President of the International Association of Seismology and the Physics of the Earth's Interior (1957) (1958) (1959) (1960) . All but one of those meetings were held abroad and he travelled widely on other occasions as well.
Jeffreys received many honours; they are set out below, together with his memberships of learned societies.
Jeffreys's books are very clear, but many of his papers are difficult, often because he assumes that all readers will start from the last one he wrote on the subject. Walter Munk has pointed out to me that he seemed to use articles in journals as notes of work in progress, beginning without knowing what the outcome would be. Most readers needed a little help. His lectures were also often difficult, in part because he was not a particularly clear speaker.
Jeffreys was a protagonist in three major controversies and proved a very sharp disputant whose views were always clearly and concisely expressed. Some of his tersest and most forceful exposition was written in controversy. In the 1920s he maintained the tidal theory of the origin of the solar system against the planetismal theory, but subsequently thought (300) that all theories had major flaws. He became involved in a dispute with R.A. Fisher (a friend) over probability. The essence of it is related in Theory of probability. Jeffreys said more than once that Fisher's principles were unsound but that his practice was excellent, and he recognized his own debt to Fisher for such ideas as maximum likelihood and sufficient statistics. Jeffreys's approach has come to be widely followed, as indicated above, in other studies beside the sciences. The third great controversy was that over continental drift and plate tectonics, discussed above.
Harold was undoubtedly one of the distinctive personalities of Cambridge and of geophysics. For many years he smoked intensively and in Cambridge he bicycled everywhere until over 90, even after he had broken his wrist in an accident. He was noted abroad for often wearing shorts, as a photograph in the Institute for Geophysics and Planetary Physics at La Jolla shows him dressed and the Fellows of St John's would say summer had come when Harold appeared in shorts. There are many stories of how uncommunicative he was. He did in that yield to Paul Dirac, also of St Johns, and Sir Harry Hinsley has given me the following story of the two of them. Dirac, by then retired from Cambridge, was dining in college on a visit from Florida and was sat next to Jeffreys but they exchanged not a word throughout dinner. The following morning, meeting Harold, Sir Harry asked, 'How did you find Paul was last night?' 'Oh, he hasn't changed a bit; he still hasn't got a word to say for himself'. Sir Harry adds that although uncommunicative, Harold could be a good talker, for he was extremely well read, especially in detective stories. Lady Jeffreys says that he voted Liberal but was conservative in character, which is perhaps illustrated by an episode told to me by B.C. Browne, formerly Reader in Experimental Geophysics in Cambridge. Harold had invited Browne, whose college was Trinity, to the St John's May Week Concert. In default of other instructions, B.C.B., who was always immaculate and never casual as H arold often was, arrived in a dinner jacket, according to the custom at Trinity and m ost other colleges, but he found Harold in evening dress, who inform ed him that at St Jo h n 's they wore white ties for the M ay W eek Concert.
In fact H arold, though shy, was at heart a sociable m an, alm ost alw ays dining in his college on Sunday evenings until his last years. He was a good tenor singer and a m em ber for many years of the Cam bridge Philharm onic Choir. Professor Fred Rim m er, then organ scholar of Selw yn and later Professor of M usic at G lasgow, rem em bers him under his baton. Harold was for long a m em ber o f the Royal A stronom ical Society Club, the dining club that meets after the S ociety's m eetings, and his enjoym ent in the com pany was always evident. He usually h ad som e quirkish recollection o f one or m ore o f his m any colleagues or acquaintances in astronom y or geophysics, or he would tell some N orthum berland tale or aphorism , usually in a N orthum berland accent that was im penetrable to m ost of the m em bers, or he m ight sing a Northum berland folk song. Harold and Bertha attended an international m eeting on the rotation of the Earth at M orioka, Japan, in 1971 and when the participants visited the International Latitude O bservatory at M izusawa, the wife of the Director, M rs O kuda, encouraged all the different national groups to sing som e characteristic song; the British, led by Harold, gave 'Blaydon R aces'. E.R. Lapw ood, who was both an undergraduate and graduate pupil o f Jeffreys's, and who later wrote a paper jointly with him (344), has given a first hand account (Lapwood 1982) o f H arold's generous, friendly and unselfconscious character.
H arold's w it and culture show in the m ottoes that he prefixed to chapters in m ost o f his books. A pposite, they suggest m aybe a slightly am used detachm ent from the m atter in hand.
Here are a few. (On probability (3)) Cut the cackle and come to the hosses.
(On physical applications o f operational m ethods (7)) Go round about, Peer Gynt.
(On contour integration (7)) As regards Chou-Hong, who is stated to be denying that the Earth is upheld by a celestial tortoise ....
(On Stress differences within the Earth (1)) H arold was held in respect, indeed reverence, in m any other countries, but in those who knew him w ell it was m ore than respect or reverence that he inspired, it was affection; affection for a m an who for all his impressive abilities as a m athem atician, for all his wide and deep knowledge, for all he had done to develop geophysics, was at heart a very friendly, unassum ing person, quite free of pride or pretension. The Collected papers do not contain all Jeffreys's publications. He continued to publish after they were assem bled and he omitted from them m any papers on probability because the m aterial was in Theory o f probability, several letters to Nature and other brief items are also absent. So far as I know the list on m icrofiche is complete except for a further group o f papers om itted from the Collected papers, namely some written in the controversy about the planetism al theory (see 300).
In addition to the list of publications, the m icrofiche has a list o f Jeffreys's extensive travels, of obituaries in newspapers and o f portraits.
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